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MHC class II molecules associate with invariant chain 
(Ii) during biosynthesis. Ii facilitates folding of class II 
molecules, interferes with their association with pep 
tides, and is involved in their transport. The murine Ii 
gene encodes two chains, p31 and ~41. The role of 
these isoforms has been studied in vitro only in inap- 
propriate antigen-presenting cells. To circumvent this 
problem, we have generated invariant chain-deficient 
mice (Ali), which express exclusively the p31 and p41 
isoforms. Low level expression of p31 or p41 is not 
sufficient for rescuing high levels of cell surface class 
II expression. However, low levels of the typical com- 
pact dimer conformation indicative of tight peptide 
binding are observed. Thus, both isoforms participate 
in class II folding and assembly. Furthermore, p31 and 
p41 retrieve the CD4+ T cell population, which is re- 
duced in the (Ali) mice. Moreover, the immune re- 
sponse to protein antigen is restored by both isoforms. 
Introduction 
Major histocompatibility complex (MHC) class II molecules 
are heterodimeric complexes that present foreign anti- 
genie peptides on the cell surface of antigen-presenting 
cells (APCs) to CD4+ T cells (Unanue, 1984; Long, 1989; 
Harding and Unanue, 1990). MHC class II synthesis and 
assembly begins in the endoplasmic reticulum (ER) with 
the noncovalent association of the a and p chains with 
trimers of the invariant chain (Ii) (Cresswell, 1994). Ii asso- 
ciation with MHC class II molecules prevents antigenic 
peptide binding (Roche and Cresswell, 1991; Teyton and 
Peterson, 1992; Long et al., 1994). Three up dimers bind 
sequentially to a trimer of the Ii chain to form a nonameric 
complex (a@li)3 (Marks et al., 1990; Roche et al., 1991; 
Anderson and Cresswell, 1994), which then exits the ER. 
Targeting or retention signals in the cytoplasmic tail of the 
Ii are responsible for endosomalllysosomal localization. 
After being transported to the trans-Golgi, the aPli complex 
is diverted from the secretory pathway to the endocytic 
system (Bakke and Dobberstein, 1990; Lotteau et al., 
1990; Lambet al., 1991; Pieterset al., 1993) and ultimately 
to acidic endosomellysosome-like structures called MHC 
class II compartments (MIIC or CIIV; Peters et al., 1991; 
tPresent address: Alexion Pharmaceuticals, 25 Science Park, New 
Haven Connecticut 06511. 
Amigorena et al., 1994; Qui et al., 1994; Tulp et al., 1994; 
West et al., 1994). Prior to these structures, the luminal 
domain of the Ii chain is cleaved, rendering the up dimers 
ultimately competent to bind antigenic peptides, which are 
derived from internalized antigens and also delivered to 
endosomes (Roche and Cresswell, 1991; Neefjes et al., 
1990). 
It has become possible to analyze the role of the Ii chain 
in authentic class II-positive cell types by generating li- 
deficient mice by using homologous recombination to de- 
lete the Ii chain gene in murine embryonicstem cells. Cells 
from mutant animals show aberrant transport of MHC 
class II molecules, resulting in reduced levels of class II 
complexes at the surface, which do not have the typical 
compact conformation indicative of tight peptide binding. 
Although the complexes do not bind endogenously pro- 
cessed peptides, class II molecules that reach the surface 
are competent to bind peptides added to the medium. In 
addition, deletion of the ii gene was found to greatly dimin- 
ish the ability of splenic 6 cells to present exogenous pro- 
tein antigen in a class II-restricted fashion in vitro and to 
reduce the maturation of CD4+ T cells in vivo (Viville et 
al., 1993; Bikoff et al., 1993; Elliott et al., 1994). 
The murine Ii gene encodes two polypeptides chains, 
one of relative molecular mass 31,000 (~31) and another 
less abundant 41,000 (~41) (Yamamoto et al., 1985; 
Strubin et al., 1986). Exon 6b, which lies between exons 
6 and 7, is alternatively spliced into the mRNA coding for 
the p41 isoform. Exon 6b encodes a cysteine-rich domain 
of 84 aa (Koch et al., 1987). The roles of the p31 and p41 
isoforms have been studied only in transfected cells, which 
are at best artificial APCs. In these cell lines, it was found 
that both forms of the invariant chain can increase the 
efficiency of class II transport from the ER to the Golgi 
(Layet and Germain, 1991; Schaiff et al., 1991; Anderson 
and Miller, 1992) and induce the conformational changes 
in I-Ad necessary to generate the Ii-dependent monoclonal 
antibody (MAb) epitopes (Peterson and Miller, 1990, 
1992). However, in most cases antigen presentation is 
facilitated only by the alternatively spliced minor form of 
Ii, p41 (Peterson and Miller, 1992). 
To elucidate the roles of the Ii isoforms p31 and p41 in 
appropriate APCs, we have generated lines of transgenic 
mice that express exclusively one of these two isoforms. 
We have analyzed the assembly, transport, and peptide 
loading of the MHC class II molecules. Moreover, we have 
studied antigen presentation and T cell selection and mat- 
uration. Our results show that in transgenic mice express- 
ing low levels of either p31 or p41 there is compact dimer 
formation, despite persistence of low levels of class II com- 
plexes at the cell surface. However, in both p3l(Ali) and 
p4l(Ali) transgenic mice there is full reconstitution to nor- 
mal levels of CD4+ T cells, presumably owing to positive 
selection. Furthermore, we show that the immune re- 
sponse to hen egg-white lysozyme (HEL) is restored by 
both p31 and p41 isoforms. 
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Figure 1. Expression of p31 and p41 
Splenocytes from B6, Ali (-/-Ii), p31 and p41 heterozygous mice (he), 
and p31 and p41 homozygous mice (ho) were incubated in 50 uglml 
digitonin. The pellets were then lysed and boiled lysates were sepa- 
rated on 12% (w/v) SDS-PAGE. The proteins were transferred onto 
nitrocellulose, which was blocked and then incubated with IN1 (anti-Ii 
chain cytoplasmic tail MAb) followed by HRP-goat anti-rat IgG. The 
invariant chain p31 and p41 isoforms are indicated. The lower band 
that is seen in the Ali mice is probably the product of the mutated 
invariant chain gene. 
Results 
Generation of p31 and p41 Transgenic Mice 
To elucidate the roles of the p31 and p41 in appropriate 
APCs, a construct in which the murine Ii p31 or p41 cDNA 
(Peterson and Miller, 1990,1992) driven by the MHC class 
II promoter was microinjected into fertilized (BGCBA/Ca)F2 
eggs. p31 or p41 positive transgenic mice were then bred 
with the invariant chain-deficient mice (Ali) to generate 
invariant chain-deficient mice that express p31 or p41 
exclusively. One founder line of ~31 and p41 was obtained 
that expressed comparable, albeit low, levels of Ii protein 
(Figure 1). By comparing different dilutions of C57BL/6 
wild-type lysates to lysates from p31 and p41 transgenic 
mice, we could determine the expression levels in each 
line of transgenic mice. The heterozygous p41(Ali) line 
expresses the p41 protein at about 30% of the levels of this 
protein when compared with wild type. The heterozygous 
p31(Ali) line expresses about the same amount of protein 
as the p41(Ali) Ii but this represents only 1% of the total 
level of p31 protein compared with the wild type. To in- 
crease levels of expression, for some experiments the 
p31(Ali) and p41 (Ali) mice were bred to homozygosity and 
higher invariant chain levels were detected (Figure 1). 
Stable Dimer Formation 
The absence of the invariant chain alters the nature of 
peptide binding to class II molecules. Class II complexes 
in these mice have an aberrant conformation, revealed by 
stability in SDS. Essentially no compact MHC a and 6 
dimers are formed; instead, floppy or unstable dimers are 
observed (Viville et al., 1993; Bikoff et al., 1993; Elliott et 
al., 1994). The compact conformer probably bears tightly 
bound peptide, but the floppy form is likely to be empty 
or holds the peptide in a loosely bound state. To elucidate 
the role of p31 or p41 in assembly and peptide loading, 
nonboiled lysatesof the control, Ali, and p31 p41 heterozy- 
gous and homozygous splenocytes were separated on 
SDS-PAGE. The proteins were transferred onto nitrocel- 
lulose and probed with anti-lab (M5/114). Formation of 
stable dimerscan be detected in both p31(Ali) and p41(Ali) 
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Figure 2. Stable Dimers Are Formed in p31(Ali) and p4l(Ali) Mice 
Splenocytes from B6, Ali (-/-Ii), p31 and p41 heterozygous mice (he), 
and p31 and p41 homozygous mice (ho) were incubated in 50 ug/ 
ml digitonin. The pellets were then lysed and unboiled lysates were 
separated on 12% (w/v) SDS-PAGE. The proteins were transferred 
onto nitrocellulose, which was blocked and then incubated with M5/ 
114 antibodies, followed by HRP-goat anti-rat IgG. The HRP contu- 
gates were detected by enhanced chemiluminescence. Ag, aggre- 
gates; f(a/b), floppy dimers; c(a@), compact dimers. 
transgenic mice (Figure 2), while in the invariant chain- 
deficient mice the a and 6 chains can only be found in 
floppy dimers and aggregates as we described previously 
(Figure 2; Elliott et al., 1994). In the p31(Ali) and p41(Ali) 
heterozygous mice, compact and floppy forms can be de- 
tected; however, the ratio between the two forms is differ- 
ent. In the p31 (Ali) mice the floppy form is dominant, while 
in the p41(Ali) mice the two forms are not significantly 
different. In both homozygous p31(Ali) and p41(Ali) mice 
mostly compact dimers are formed, presumably reflecting 
the higher expression levels seen in these animals. There- 
fore, this suggests that both p31(Ali) and p41(Ali) partici- 
pate in compact dimer formation. This process correlates 
with the invariant chain levels; thus, in the presence of 
increased levels of p31 or ~41, compact dimers predom- 
inate. 
Cell Surface Expression 
Data from several studies show that Ii-negative cells ex- 
press fewer class II complexes on the cell surface, indicat- 
ing that Ii is required for the efficient display of class II 
molecules (Viville et al., 1993; Bikoff et al., 1993; Elliott 
et al., 1994). Expression of MHC class II molecules on the 
cell surface was monitored by cytofluorimetric analysis 
with anti-lab reagents. Class II expression was analyzed 
on 8220’ containing cells from spleen and lymph nodes 
of the C57BU6, Ali, and p31 (Ali) and p41(Ali) transgenic 
mice. As can be seen in Figure 3 and as previously de- 
scribed (Viville et al., 1993; Bikoff et al., 1993; Elliott et 
al., 1994), there is a clear reduction in class II molecule 
staining on the surface of the Ali mice. The class II cell 
surface expression on 8220’ cells from p31(Ali) and 
p41 (Ali) heterozygous mice is reduced lower than the Ali 
levels. The levels of class II cell surface expression on 
cells from p31(Ali) and p41(Ali) homozygous mice and in 
compound heterozygotes between p31(Ali) and p41(Ali) 
mice is higher than the invariant chain-deficient mice but 
lower then the expression on cells from the wild-type B6 
mice. Although stable class II dimers can be detected in 
p31 (Ali) and p41 (Ali) heterozygous transgenic mice, the 
cell surface expression of class II is still low. Only in 
the p31(Ali) and p41(Ali) homozygous mice and in the 
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Figure 3. Low Cell Surface Expression on 8220 Cells from p3l(Ali) 
and p4l(Ali) Mice 
Lymphocytes from wild-type (B6), Ali (-I- Ii), p3l(Ali) heterozygous 
(~31 het) and homozygous (~31 ho), p41 (Ali) heterozygous (~41 het) 
and homozygous (~41 ho), and p31 xp41 mice were stained with 613- 
red anti-B220 and biotinylated anti-l-AD followed by strepavidin-PE. 
The histograms present I-Ab expression on B220+ cells. 
p31xp4l(Ali) mice, where the invariant chain levels are 
higher, can higher cell surface expression be detected 
(Figure 3). We therefore suggest that the level of invariant 
chain is limiting for compact dimer formation and cell sur- 
face expression. 
The Fate of the MHC a and p Chains 
Although compact dimers can be detected in both p31(Ali) 
and p41(Ali) mice, cell surface class II expression is low. 
Since the rate of synthesis of the MHC a and p chains is 
presumably unaltered, these chains might accumulate in 
the cells or be degraded intracellularly. To determine the 
fate of these molecules, we compared the MHC class II 
steady-state levels in the different mice. As can be seen 
in Figure 2, in steady-state the class II a and p chain levels 
in p3l(Ali), p41(Ali) and invariant chain-deficient mice are 
much lower than the levels detected in wild-type C57BLI 
6 mice. Thus, it can be suggested that these molecules do 
not accumulate in the cells of these mice and are therefore 
rather degraded. Pulse-chase experiments (Figure 4) re- 
vealed that most of the MHC class II a and p chains disap- 
pear after 4 hr of chase in the Ali, p31(Ali), and p41(Ali) 
mice. In the Ali mice the a and 8 chains remain in the ER, 
since they are sensitive to endo H and rapidly disappear. 
However, in p31 (Ali) transgenic mice there is a small popu- 
lation of endo H-resistant molecules. In both p31(Ali) and 
p4l(Ali) mice an endo H-sensitive population can be de- 
tected after 4 hr of chase. These results suggest that a 
fraction of the MHC class II chains remains in the ER but 
Figure 4. Degradation of a and 5 Chains in Ali, p3l(Ali), and p41(Ali) 
Splenocytes 
Spfenocytesfrom wildtype(B6),Ali (-I- Ii), p3l(Ali)(p3l),andp41(Ali) 
(~41) were pulse-labeled with %S amino acids, and the incorporated 
label was chased for 0,2, and 4 hr. The MHC class II molecules were 
precipitated with M5/114 antibodies and, in all cases, were digested 
with endo H prior to electrophoresis. a and 6 indicate the position of 
the immature forms. ar and 6r indicate the mature, endo H-resistant 
chains. 
is protected from degradation. However, the majority of 
MHC class II chains cannot be transported to the cell sur- 
face and are instead degraded intracellularly. 
The Role of Ii lsoforms on iCell Thymic Selection 
Invariant chain-deficient mice have a deficient CD4+CD8- 
thymocyte compartment (Viville et al., 1993) somewhat 
similar to that of mice lacking MHC class II molecules 
(Cosgrove et al., 1991). To elucidate the role of the Ii p31 
and p41 isoforms in T cell maturation, thymocytes were 
isolated and stained with different antibodies, and ana- 
lyzed by flow cytometry (Figure 5A). Cells expressing CD4, 
CD8, or both were divided into four subgroups according 
to their expression of CD4 and CD8 (CD4hi[gh]CD8’“t 
[ermediate], CD4inCD8h’, CD4”‘CD8-, and CD4-CDBhi) (Bi- 
koff et al., 1993). The number of cells in each subpopu- 
lation was counted and, as described before (Viville et 
al., 1993; Bikoff et al., 1993), the number of cells in the 
CD4”CD8- subpopulation in the Ali mice is much lower 
in comparison to the wild type (Figure 58). Normal levels 
of this subpopulation are restored in both the p3l(Ali) and 
the p41(Ali) transgenic mice, suggesting that T cells in 
these mice undergo positive selection and can mature 
fully. The absence of Ii expression in the Ali mice does 
not seem to effect the CD4”CD8’“’ subpopulation (Bikoff 
et al., 1993; van Meerwijk and Germain, 1994). However, 
there is a large accumulation of this subpopulation in the 
p31(Ali) mice. Analysis of the heat-stable antigen (HSA), 
which is expressed in high levels on immature thymocytes 
and is absent on mature peripheral T lymphocytes, revealed 
that most of the cells in the intermediate CD4%D81n’sub- 
population contain high levels of HSA and the number of 
HSA’O cells is identical in the different mice, demonstrating 
that this CD4hiCD8i”t subpopulation is mostly immature 
cells (Figure 5C). 
To study thymic development in B6, Ali, p31(Ali), and 
p4l(Ali) mice, the expression of different thymic develop- 
mental markers on the different thymic populations was 
analyzed. In both Ali and p31(Ali) miceCD44 isexpressed 
in lower levels in the CD4+CD8+ populations. The trans- 
gene expressed in p4l(Ali) restores the high levels of this 
marker that are seen in the wild-type mice (data not 
shown). No difference in CD69 expression was detected 
in the different subpopulations in the different mice (data 
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Figure 5. Thymic Maturation 
Three-color FACS analysis of thymic cells. 
(A) Dot blots show CD4 and CD8 cells in C57EU6 (66) Ali (-/-Ii), p31(Ali) (~31) and p41(Ali) (~41). 
(6) The mean number of cells out of 10,000 that were counted in each gated subpopulation in ten different experiments; CD4+CD8@(CD4), CD8+CD4W 
(CDE), CD4CD8’“’ and CD8CD4’“‘. The cells analyzed in this figure do not include the CD4+CD8+ double-positive and CD4CD8- double-negative 
thymocytes, which together comprise the majority of cells. Thus, the percentages that are quoted do not add up to 100%. 
(C) The mean number of HSA’” expression cells in CD4’CDBM (CD4), CD4+CDBL”‘, and CD8+CD4’“’ + CDB’CDCO (CD8). 
not shown). Expression of CD3 and HSA was different 
only in CD8 cells from the Ali mice. This population exhibit 
lower levels of HSA (Figure 5C) and higher levels of CD3 
(data not shown), suggesting that the increased number of 
CD8+CD4- seen in these mice have a mature phenotype. 
T Cell Repertoire in the Periphery 
Invariant chain-deficient mice have reduced numbers of 
CD4+ and elevated numbers of CD8+ T cells in the periph- 
ery (Viville et al., 1993; Bikoff et al., 1993). As illustrated 
in Figure 6A, in the presence of both p31(Ali) and p4l(Ali) 
there is full reconstitution of the CD4+ T cells and the per- 
centage of CD4’ and CD8+ T cells in the periphery is similar 
to the levels in the wild type. Positive selection therefore 
occurs relatively efficiently in these mice and the mature 
cells leave the thymus to the periphery as in the control 
mice. Thus, although there is a low cell surface expression 
of MHC class II compact dimers, this expression is enough 
to restore the T cell population of CD4+. 
Analysis of CD3 expression on the peripheral CD4’ T 
cells show that there is a population of cells that expresses 
intermediate levels of T cell receptor (TCR) in the absence 
of the invariant chain. This population does not exist in 
the p31(Ali) or p41(Ali) transgenic mice (Figure 66). The 
existence of cells that express intermediate levels of TCR 
may suggest that immature cells may not be able to mature 
in the absence of adequate levels of MHC-peptide, but 
can nonetheless escape the thymus and survive in the 
periphery. Alternatively, this may result from TCR down- 
regulation because of persistent antigenic encounter, 
since these CD4+ T cells express activation markers (see 
below). Furthermore, a substantial proportion of CD8’ 
cells express an intermediate level of CD4 in Ali mice 
(Figure 8A). The percent of CD3’“’ cells and CD8 cells ex- 
lh; Invariant Chain p31 and ~41 Transgenic Mice 
Figure 6. Reconstitution of CD4’ Cells in the 
Periphery 
Three-color FACS analysisof lymph node cells. 
(A) Dot blots show CD4 and CD6 cells in 
C57BU6 (66) Ali (-l-Ii), p31(Ali) (~31) and 
p41(Ali) (~41). 
(B) Histograms show the expression of CD3 on 
CD4’ cells in the periphery of C57BU6 (B6). 
Ali (-/-Ii), p31(Ali) (~31) and p4l(Ali) (p41). 
(C) Histograms show the expression of the dif- 
ferent markers for CD44, CD69, and CD45RB 
expression on CD4’ T cells in C57BU6 (B6), 
Ali (-/-Ii), p3l(Ali) (~31) and p4l(Ali) (~41). 
C CD69 CD44 CD45Rb 
pressing CD4 is comparable in each experiment. There- 
fore, we suggest that these three markers are expressed 
on the same cells. 
To analyze further the peripheral CD4+ T cell population, 
we studied different activation markers on this population. 
We measured CD69, CD44, and CD45RB expression on 
these cells in the different mice. As can be seen in Figure 
6C, CD4’ T cells in Ali mice express higher levels of the 
activation markers CD69 and CD44 and lower levels of 
CD45RB, demonstrating that a higher proportion of these 
cells have been exposed to antigen in the invariant chain- 
deficient mice, while in the p31(Ali) or p4l(Ali) mice ex- 
pression of these activation markers is only seen in few 
cells as in the wild-type mice. Possibly this is because the 
greater number of CD4’ T cells present dilutes out the 
number of (presumably) activated cells. 
Effect on Antigen Response 
To study the functional consequences of the lower levels 
of class II cell surface expression in the invariant chain- 
deficient mice and in the p31(Ali) and p41(Ali) mice, we 
investigated the ability of APCs from these mice to present 
antigen. We compared the ability of wild-type, Ali, ~31, and 
p41 APCs to process and present antigen to aT hybridoma 
specific for HEL. The hybridoma reacts very poorly to na- 
tive protein when antigen is presented by APCs devoid of 
the invariant chain. The APCs from p41(Ali) and p31(Ali) 
can stimulate only at high levels of HEL. Surprisingly, 
p31(Ali) APCs can present the protein slightly more effi- 
ciently than the p41(Ali) cells (Figure 7A). In addition, the 
APCs from invariant chain-deficient mice respond very 
effectively to HEL peptide (Viville et al., 1993; Figure 78). 
However, APCs from p31(Ali) or p41 (Ali) present this pep- 
tide to the specific hybridoma more efficiently than APCs 
from the invariant chain-deficient mice. 
To determine the ability of the APCs from the different 
mice to present antigen in vivo to the endogenous T cell 
repertoire, we immunized B6, Ali, p3l(Ali), and p41(Ali) 
with HEL, in complete Freund’s adjuvant (CFA). Their 
draining lymph node cells (LNCs) were tested 9 days later 
for in vitro recall proliferative response in challenge to anti- 
gen. When these proliferative responses were compared, 
a low response was observed in LNCs from the invariant 
chain-deficient mice. However, LNCs from p31(Ali) and 
p41 (Ali) exhibit comparable proliferative responses to the 
B6 mice (Figure 7C). 
Discussion 
Use of transfection experiments (Layet and Germain, 
1991; Hammerling and Moreno, 1990) and gene targeting 
(Viville et al., 1993; Bikoff et al., 1993; Elliott et al., 1994) 
has demonstrated that the invariant chain is a specialized 
and essential chaperon, necessary for efficient production 
of compact a6 dimers that plays a critical role in peptide 
capture, and thus guides the presentation of class II mole- 
Immunity 
378 
B 
1OOOOO 
6oooO 
E wooo 
it 
4oooo 
2664m 
0 
1 10 100 1000 
Concentration (uglml) 
n 66 
q -/- 
q P31 
q P41 
0 1 6 10 
Concentration (ug/ml) 
C 
--” 1 F I36 I + 2 
* p41 
30000 
2OWO 
10000 
0 
.oooi ,001 .Ol .I 1 10 100 1000 
Concentration (ug/ml) 
Figure 7. Both p31 and p41 Restore the Immune Response to Protein 
Antigen 
The ability of irradiated splenocytes from C57BU8 (BE), Ali (-/-Ii), 
p31(Ali) (~31) and p41(Ali) (p41) to activate T cell hybridoma was 
tested in the presence of intact antigen (A) or of specific peptide (B). 
Culture supernatants were assayed for IL-2 content in a secondary 
assay with CTLL cells. (C) In vitro proliferative recall responses of 
C57BU8 (B6), Ali (-/-Ii), p31(Ali) (~31) and p41(Ali) (~41) mice 
to HEL. 
cule a8 ligands for CD4+ T cells in the thymus and the 
periphery. To evaluate the essential role of the invariant 
chain isoforms, p31 and ~41, under normal physiological 
conditions, we generated invariant chain-deficient trans- 
genie mice that express exclusively p31 or ~41. Compari- 
son of levels of expression of Ii in each transgenic line 
revealed that both lines express very similar low levels. 
However, because in the wild-type mice the p31 isoform 
is expressed in much higher levels than the p41 isoform, 
we obtained a p31 line that expresses only about 1% of 
the total chains of the wild type, whereas we obtained 
about 30% percent expression of p41 compared with 
wild type. 
Both ~31 and p41 Participate in Compact 
Dimer Formation 
Both MHC class II a and 3 chains are capable of folding 
and forming dimers in the absence of Ii chain. However, 
the absence of the invariant chain alter8 the nature of 
peptide binding to class II molecules. The class II com- 
plexes have an aberrant conformation forming essentially 
no compact dimers and, instead, floppy dimers can be 
observed (Viville et al., 1993; Bikoff et al., 1993; Elliott et 
al., 1994). In both p3l(Ali) and p41(Ali) transgenic mice, 
low level of stable dimers was detected. Both p31 and 
p41 participate in compact dimer formation; however, this 
process is more efficient in the presence of ~41. The low 
levels of peptide containing complexes can be attributed 
to the low expression levels of these isoforms. In both 
p31(Ali) and p41(Ali) homozygous mice and also in 
p31xp4l(Ali) compound heterozygote mice (data not 
shown), which express higher invariant chain levels, the 
ratio between compact to floppy dimers increased, demon- 
strating that the invariant chain levels determine compact 
dimer formation. 
The invariant chain plays an important role in the trans- 
port of class II molecules. The Ii cytoplasmic tail ha8 been 
found to contain two endosomal targeting sequences 
(Pieters et al., 1993). Therefore, in the absence of this 
chain, the MHC class II chains are probably no longer 
targeted to endosomes, as demonstrated in previous stud- 
ies (Bakke and Dobberstein, 1990; Lotteau et al., 1990; 
Lamb et al., 1991; Pieters et al., 1993). In the presence 
of low levelsof ~31 or ~41, which differ only in their lumenal 
domain, a fraction of the MHC class II molecules can be 
targeted to the endosomes. Thus, p31 or p41 enables a 
higher fraction of these molecules to be transported to 
the endosomes, where peptide loading and formation of 
stable dimers occurs. Several groups recently showed that 
a single region of the Ii chain lumenal domain (designated 
CLIP) prevents the binding of immunogenic peptides and 
is involved in the association of Ii chain with the MHC class 
II a9 dimers (Freisewinkel et al., 1993; Bijlmakers et al., 
1994; Romagnoli and Germain, 1994). This Ii segment 
plays a critical role in effective Ii interaction with class II, 
in promoting formation of properly folded up dimers and 
in enhancing MHC class II egress from the ER (Romagnoli 
and Germain, 1994). CLIP exists in both p31 and p41 Ii 
isoforms; therefore, the ability to form stable dimers in 
both transgenic mice is consistent with these findings. 
The Invariant Chain p31 and p41 Transgenic Mice 
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Class II Cell Surtace Expression 
Although there is a detectable compact dimer population 
in both p31 (Ali) and p41(Ali) mice, cell surface expression 
of MHC class II molecules in these transgenic mice re- 
mains low. I-Ab cell surface expression levels in both 
p31(Ali) and p41 (Ali) are, in fact, even lower than the in- 
variant chain-deficient mice expression levels. The lower 
cell surface expression may be explained by a hypotheti- 
cal low ability of stable dimers that are formed in the 
p31 (Ali) and the p41(Ali) mice to reach the plasma mem- 
brane by an as yet unknown mechanism. However, the 
fact that CD4+ T cells undergo positive selection and the 
fact that APCs from these mice can present antigen to 
hybridoma T cells suggest that in these mice compact 
dimers reach the plasma membrane. Therefore, we sug- 
gest that stable dimers may replace floppy dimers on the 
cell surface, while the number of MHC class II molecules 
remains the same. Higher levels of class II expression can 
be detected on B220+ B cells from homozygous p3l(Ali) 
or p41(Ali) or from the p31xp41(Ali) mice, all of which 
express elevated levels of invariant chain. In these mice 
mostly compact dimers are formed, and these molecules 
are transported to the cell surface. The data suggest that 
mice expressing higher levels of either invariant chain p31 
or p41 would reconstitute the entire MHC class II cell sur- 
face expression to wild-type levels. 
MHC Class II a and p Chains Are 
Degraded lntracellularly 
Expression of the Ii chain increases the efficiency with 
which class II MHC molecules are transported out of the 
ER. Expression of the Ii chain leads to the assembly of 
stoichiometric complexes with class II and thereby pre- 
vents the accumulation of aggregated class II MHC chains 
in the ER. As was described, most of the MHC class II 
chains in the p31(Ali) and p41 (Ali) mice do not form stable 
dimers and only a small portion of these molecules leave 
the ER and are transported through the frans-Golgi. Pro- 
teins that misfold as a consequence of alteration in the 
primary structure or as a failure to acquire certain post- 
translational modifications tend to associate with ER resi- 
dent proteins and to form macromolecular aggregates 
(Machamer et al., 1990; Hurtley et al., 1989; Marquardt 
and Helenius, 1992). These phenomena are likely to be 
the basis for the “quality control” mechanism function in 
the ER, which is responsible for blockage of the export 
of abnormal proteins from this compartment (Hurtley and 
Helenius, 1989) and their ER degradation (Klausner and 
Sitia, 1990). It was proved recently that unassembled or 
partially assembled chains of class II molecules expressed 
in transfected fibroblasts interact with BiP (Bonnerot et 
al., 1994). ER resident proteins, which may function as 
molecular chaperons, are capable of interacting with in- 
completely assembled class II molecules (Schaiff et al., 
1991; Anderson and Miller, 1992; Anderson and Cress- 
well, 1994; Bonnerot et al., 1994; Schreiber et al., 1994). 
These interactions may participate in the folding or assem- 
bly of class II MHC chains or otherwise contribute to the 
retention of the unassembled chains in the ER and there- 
fore to their degradation in this compartment. In the invari- 
ant chain-deficient mice and in p31(Ali) and p41(Ali) 
transgenic mice most of the MHC class II chains remain 
unassembled or partially assembled. They are, therefore, 
probably degraded by the quality control mechanism in 
the ER. The fact that in the p31(Ali) transgenic mice more 
a and 8 chains are resistant to endo H suggest that p31 
plays an important role in the intracellular transport of the 
MHC class II chains. 
T Cell Maturation 
The thymic microenviroment is important during T cell dif- 
ferentiation. At present, the precise mechanisms by which 
Strom al cells contribute to positive selection remain largely 
unidentified. Two basic models were originally raised to 
explain the mechanism of positive selection. The instruc- 
tional model suggests that positive selection occurs from 
a precise coupling or recognition of the stromal MHC mole- 
cules by thymocyte TCR. This interaction instructs the thy- 
mocyte to become either a CD4+ or a CD8+ T cell de- 
pending on the affinity of the TCR for MHC class I or class 
II molecules. The stochastic/selective model predicts at 
least two steps of selection that occur between the matur- 
ing thymocyte and stromal cells. CD4+CD8+ thymocytes 
are selected on the basis of their TCR affinity for either 
MHC class I or II molecules. Those cells will down-regulate 
one coreceptor regardless of TCR specificity to generate 
CD4+CD8’“’ or CD4%D8+ cells that express a TCR spe- 
cific for either MHC class I or class II proteins. Only thymo- 
cytes that express the appropriately matched TCR and 
coreceptor are allowed to continue maturation, up-regu- 
late TCR expression to mature levels, and completely ex- 
tinguish the expression of the other already partially down- 
modulated coreceptor. Those cells that do not carry the 
right coreceptor will presumably face death from “neglect” 
(van Meerwijk and Germain, 1994; Chan et al., 1994). 
The existence of CD4+CD8’“’ cells, which are formed 
regardless of the empty MHC class II molecules that are 
expressed in low levels on Ali mice cells, supports the 
stochastic/selective model. In these, mice cells undergo 
the first selection, but in the absence of the appropriate 
MHC molecule, these cells probably face death. The large 
accumulation of this intermediate population in the 
p31(Ali) mice can have two explanations. First, it can be 
suggested that cells undergo the first selection. For the 
second engagement these cells need the appropriate 
MHC molecules, which are expressed in lower levels in 
these mice. Thus, these cells accumulate at this stage 
prior to interacting with cognate MHC. For this explana- 
tion, we have to assume that these cells receive a certain 
signal and therefore persist long enough to receive the 
full maturation signal and do not die like the CD4CD8’“’ 
cells from Ali mice. To explain the difference between p31 
and p41 transgenes, we also have to speculate that in 
p41 (Ali) mice this putative second signal is delivered more 
efficiently than in the p3l(Ali) mice. 
Alternatively, a second explanation suggests that the 
amount of peptide presented on the MHC of cells from 
the p31 mice is sufficient for positive selection. However, 
for negative selection, as established for MHC class I, 
larger quantities of peptides should be presented (Sebzda 
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et al., 1994). It is therefore possible that in p31(Ali) mice 
negative selection occurs less efficiently and thus cells 
that have not been negatively selected accumulate at the 
intermediate stage. For this model we must assume that 
negative selection occurs more efficiently in p41(Ali) and 
thus fewer cells are accumulated in this stage. To distin- 
guish these possibilities we will have to study negative 
selection in these mice. 
In both p31 (Ali) and p41(Ali) mice, normal levels of 
CD4+CD8-TCW T cells are restored, suggesting that the 
CD4+CD8int cells in the presence of ~31 or p41 are posi- 
tively selected and this process is fully reconstituted de- 
spite low MHC expression levels. Several explanations 
can be raised forthe mechanisms of this positive selection. 
It can be suggested that either the Ii chain has a qualitative 
effect, such that it promotes the presentation of a unique 
subset of positively selecting peptides, or the effect is en- 
tirely quantitative, such that Ii enhances the expression 
of peptide class II complexes to a level sufficient for low 
avidity recognition by thymocytes and subsequent positive 
selection. Finally, it was possible that p41 or p31 trans- 
genie mice have restoration of high levels of MHC class 
II in the thymus. However, only low levels of MHC class 
II were detected on thymic sections from p31(Ali) and 
p41(Ali) mice (data not shown), eliminating the third possi- 
ble explanation. However, we can not at present distin- 
guish between the qualitative or quantitative mechanisms. 
In fact, this is a central issue regarding the mechanisms 
of positive selection, which will remain to be solved by 
further studies. 
Surprisingly, in the absence of the Ii CD4CD8’ thymo- 
cytes have a more mature phenotype. The fact that in the 
periphery of the Ali mice there are more CD8+ T cells 
(Viville et al., 1993) implies that the absence of the Ii 
causes a compensatory expansion of T cells and therefore 
more CD4-CD8+ cells undergo maturation and are re- 
leased to the periphery. This mature CD4-CD8+ (HSA’“, 
CD3”‘) thymocyte population does not exist in wild-type 
mice, p31(Ali) mice, or p41(Ali) transgenic mice that have 
a normal distribution of T cells in the periphery. 
T Cells in the Periphery 
Positively selected cells in the p31(Ali) or p41(Ali) mice 
leave the thymus and appear in the periphery; the ratio 
between CD4+ and CD8’ T cells in the periphery is similar 
to the ratio found in the wild type. Hence, low cell surface 
expression of MHC class II molecules is sufficient to re- 
store positive selection. The CD4+CD8’“‘cells, which accu- 
mulate mostly in the p31 (Ali) mice, do not leave the thymus 
and cannot be detected in the periphery. Analysis of the 
CD4+ T cells in the periphery in the different mice show 
that the CD4+ T cells in Ali mice have a distinct activated 
phenotype (see below): however, CD4+ T cells from both 
p31(Ali) and p41(Ali) mice have the same phenotype as 
the wild-type CD4+ T cells. 
The few CD4+ T cells that are found in the periphery of 
the Ali mice are a specific population. These CD4+ T cells 
express TCR at a reduced level, display high levels of 
CD44, and were first described in the MHC class Il-defi- 
cient mice (Cosgrove et al., 1991). These cells reside pref- 
erentially in B cell follicles, rather than in the usual T cell 
areas of the spleen and lymph nodes. Three possibilities 
about the nature of these cells were raised. One possibility 
was that these cells were positively selected on noncon- 
ventional class II-like molecules. A second possibility was 
that the few CD4+ cells in the MHC class II-deficient mice 
were positively selected on MHC class I molecules. How- 
ever, when these mice were crossed with animals carrying 
debilitating mutations in the P2-microglobulin gene, the 
CD4+ population was retained, suggesting that these cells 
are not all selected via class I molecules (Cardell et al., 
1994). A third possibility was that these CD4+ cells were 
not positively selected on MHC molecules. These explana- 
tions may also describe the nature of the CD4+ T cells that 
develop in the absence of the invariant chain. However, 
the fact that in the Ali mice there are empty MHC class 
II molecules on the cell surface implies that in the thymus, 
cells might be selected by empty MHC, which acquires 
peptide once it has reached the cell surface. 
Several observations suggest that there are two popula- 
tions of CD4’ T cells in Ali mice. Most of the cells are 
mature CD4+ T cells, which express the activation markers 
CD69, CD44, and low levels of CD45RB and indicate they 
have been previously exposed to antigen; these can pre- 
sumably participate in the regular immune response. It is 
possible that the high frequency of activated CD4+ T cells 
is caused by the fact that very few CD4+ T cells are present 
in the periphery and therefore must respond to the normal 
antigenic load. The second population of CD4+ T cells 
appears to be immature and might escape thymic selec- 
tion. These CD8+ intermediate cells (express low levels 
of TCR and intermediate to high levels of CD4) should 
mature in the thymus to CD4- CDB+TCW cells or die in 
the presence of the self-peptide plus MHC. These T cells 
would be expected to encounter inappropriate MHC class 
II and the interaction would mediate negative selection. 
In the absence of this interaction the process may be less 
efficient; therefore, some of the cells might die, but some 
would be able to escape to the periphery. Alternatively, 
as we suggested before, the periphery may influence the 
thymus by regulating T cell homeostasis to result in the 
formation of more mature CD4-CD8+ T cells, which then 
leave the thymus. The deficiency of Tcells in the periphery 
might stimulate the exit of mostly mature T cells, while a 
fraction of the immature thymocytes may escape and 
reach the periphery. 
Antigen Presentation 
Most proteins are not presented by APCs lacking the in- 
variant chain, but synthetic peptides derived from them 
can be presented very effectively (Viville et al., 1993). This 
suggests that in APCs from Ali mice, class II molecules 
are not delivered to compartments that generate the ap- 
propriate antigenic peptides. The p31(Ali) and p41(Ali) 
APCs exhibit a lower ability to present extracellular HEL 
to a specific hybridoma when compared with the wild- 
type mice. However, at higher concentrations of protein, 
p31(Ali) APCs can present this protein slightly more effi- 
ciently then the p41(Ali) cells. Furthermore, after immuni- 
zation in vivo, both p31 and p41 isoforms can reconstitute 
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the ability of the Ali mice to respond to HEL. Therefore, 
both isoforms are able to mediate the immune response 
to protein antigen. These results differ from findings in 
transfected cells. Antigen presentation for a subset of anti- 
gens in class II-positive-LTK-negative cells that were 
transfected with invariant chain clones encoding ~31 or 
p41 was shown to be facilitated only by the alternatively 
spliced minor form, p41 (Peterson and Miller, 1992). Pep- 
tides are presented very effectively in APCs devoid of the 
invariant chain. Surprisingly, the presence of p31 or p41 
enhances peptide presentation and APCs from both 
transgenic mice present more efficiently than the Ali 
APCs. This implies that peptide presentation in pW(Ali) 
and p41(Ali) mice occurs mostlythrough the empty groove 
in the MHC class II molecules on the cells surface as in 
the Ali cells. However, the higher reactivity could be ex- 
plained by the ability of these cells to present endocytosed 
peptides in the traditional pathway of antigen presentation. 
Conclusions 
Both p31 and p41 associate with class II after biosynthesis, 
facilitating class II folding in the ER and interfering with 
peptide loading. Targeting or retention signals in the cyto- 
plasmic tail of both ~31 or p41 are responsible for endoso- 
malllysosomal localization where peptide acquisition oc- 
curs. Positive selection occurs in the presence of only ~31 
or ~41. Both ~31 and p41 enhance antigen presentation 
in vitro and in vivo. However, it is still possible that different 
proteins would require different processing or degradation 
in different compartments; so, therefore, we can still sug- 
gest that different proteins use ~31 or p41 differently. 
Experimental Procedures 
Generation of p31 or p41 Transgenic Mice 
p31 or p41 cDNA (Peterson and Miller, 1992; Miller and Germain, 
1986) was driven by the MHC class II promoter and these constructs 
were microinjected into (BGCBAICa)F2 fertilized eggs. The ~31 or p41 
transgenic mice were backcrossed to the invariant chain-deficient 
mice (Elliott et al., 1994). The invariant chain heterozygous mice were 
backcrossed again to generated invariant chain-deficient mice, which 
express exclusively p31 or p41. 
immunofiuorescence Staining and Flow Cytometry 
Staining was performed on freshly isolated thymocytes. splenocytes, 
and lymph node cells. After washing with phosphate-buffered saline 
(PBS) containing 2% fetal bovine serum (FBS), cells were incubated 
with one of the following biotin-conjugated antibodies: anti-CD8 (Sig 
ma), anti-I-Ab (Pharminogen), anti-HSA (Pharminogen), anti-CD69 
(Pharminogen), together with anti-CD4-red 613 (GIBCO BRL), anti- 
CDB-fluorescein isothiocyanate (FITC) (Pharminogen) or anti-CDJ- 
FITC (GIBCO BRL) or anti-B220-red 613 (Sigma) for 30 min in staining 
buffer (PBS with 2% FBS) in a total volume of 100 ~1. The wells were 
washed twice with staining buffer and incubated with the appropriate 
avidin-phycoerythrin-conjugated second step reagent. Finally, the 
cells were washed, samples were then fixed in 2% paraformaldehyde 
solution in PBS. Flow cytometry was preformed on a FACScan (Becton- 
Dickinson) and the data were analyzed using FACScan research soft- 
ware and Lysys 1.7 software. A forward scatter acquisition gate was 
used to exclude erythrocytes, dead cells, and cells debris. 
Pulse-Chase Experiments 
Spleen cells were cultured for 1 hr in methionine-free RPM1 medium 
supplemented with 10% FBS and labeled with 0.5 mCi of [35S]methio- 
nine trans-label (ICN Biochemical) for 15 min. For the chase labeling, 
the pulsed cells were diluted with IO-fold excess of cold methionine 
and incubated for up to 4 hr at 37OC. 
Ceils Lysis 
Cells were pelleted and incubated with 50 pglml of Digitonin. The 
pellet was then lysed in 0.5% Triton X-100, 300 mM NaCI, 50 mM Tris 
(pH 7.4), 1 mM PMSF, 10 vglml leupeptin, 10 pglml aprotinin, 10 pg/ 
ml pepstatin, 10 pg/ml chymostatin, and 20 mM NEM. Nuclei and 
debris were eliminated by centrifugation. 
Immunopreclpitation 
The cell lysates were precleared first by incubation with rabbit anti- 
mouse immunoglobulin G (IgG) (Zymed) and Staph A (Pharmacia) for 
1 hr. MHC class II molecules were then precipitated by incubating the 
lysates with M5/114 MAb (Bhattacharya et al., 1981; Germain and 
Hendrix, 1991)overnightat4°Cfollowed by1 hrincubation with protein 
G sepharose (PGS). PGS-antibody-class II aggregates were washed 
four times in 0.5% Triton X-100, 300 mM Nacl, 50 mM Tris (pH 7.4). 
The beads were then resuspended in Laemmli sample buffer con- 
taining 3% SDS and either incubated for 1 hr at room temperatures 
or boiled for 3 min. For endo H treatment, the lysates were incubated 
for 1 hr at 37OC with 1,000 U of endo Hf (New England Biolabs) ac- 
cording to the protocol of the supplier. Proteins were separated on 
SDS-PAGE (12% w/v). 
Western Blot Analysis 
Lysates were solubilized in Laemmii sample buffer and were resolved 
by SDS-PAGE and were electroblotted onto nitrocellulose. The blots 
were blocked in 3% (w/v) dry milk and 2%( w/v) bovine serum albumin 
for 1 hr, and then probed for 1 hr with m51114 or IN1 (anti-Ii chain 
cytoplasmic tail MAb) (16) antibodies, following 1 hr incubation with 
horseradish peroxidase-conjugatedgoat anti-rat IgG (Zymed)andper- 
oxidasevisualization with enhanced chemiluminescence(Amersham). 
Antigens 
HEL purchased from Sigma Chemicals was dissolved in PBS and 
was dialyzed against PBS for 48 hr. HEL peptides 74-90 (p74-90) 
(NLCNIPCSALLSSDITA) were synthesized by Quality Controlled Bio- 
chemicals, Incorporated (Hopkinton, Massachusetts), and were puri- 
fied further by high pressure liquid chromatography as a single peak. 
Purity of the peptide was >95%. Peptide identity was confirmed by 
analysis of amino acid composition and mass spectroscopic analysis. 
A stock solutions of antigen in PBS was prepared and the concentra- 
tions were confirmed by using Bio-Rad protein determination kit (Bio- 
Rad Laboratories). Antigens in solution form were either stored at 4OC 
or at -2OOC. 
Hybridoma Stimulation Assay 
T cell hybridomas were generated from long-term T cell clones as 
described earlier (Kappler et al., 1981). In brief, 6-week-old female 
C57BU6 mice were immunized in the hind footpads with 7 nmol of 
p74-90 emulsified (1:1) in CFA (Difco Laboratories, Detroit, Michigan). 
Popliteal lymph nodes were removed 9 days after immunization and 
single cell suspensions of lymph node cells were cultured in vitro in 
presence of p74-90. Long-term lines were established from these cul- 
tures by several cycles of stimulation with p74-90 in presence of APCs 
or with 1 U/ml interleukin-2 (IL-2). T cell lines obtained this way were 
further cloned and tested for their specificity. Peptide-specific clones 
were maintained with alternating cycles of stimulation with antigen or 
with IL-2. The T cell hybridoma was generated by fusing p74-90-spe- 
cific T cell clones with the up-negative variant of the BW5147 thymoma 
cell line, using the method described elsewhere (Moudgil and Sercarz, 
1993). Hybridoma cells were routinely maintained in DMEM medium 
supplemented with 5% FCS, 2 mM glutamine, 100 pglml streptomycin, 
100 U/ml penicillin, and lOma M 2-mercaptoethanol. Assays for IL-2 
production by T cell hybridomas were conducted by culturing 1 x lo5 
hybridoma cells with 5 x lo5 irradiated (3,000 rads) splenic cells from 
unimmunized mice in 96-well microtiter plates in 200 ~1 of Bruffs me- 
dium, supplemented with 2 mM glutamine, 100 uglml streptomycin, 
and 100 U/ml penicillin, and indicated concentration of antigen. After 
24 hr of culture, 100 PI of culture supernatant was removed from each 
well and used to stimulate growth of 10” CTLL cells in 96-well plates. 
Proliferation of CTLL was measured 24 hr later by addition of 1 PCi 
of 13H]thymidine per well for the final 8 hr of culture. Incorporation 
of label was measured by liquid scintillation counting using an LKB 
Betaplate(LKB, Incorporated)counter. CTLLcellswereroutinelymain- 
tained in DMEM medium supplemented with 5% FCS, 2 mM gluta- 
mine, 100 uglml streptomycin, 100 U/ml penicillin, lO-4 M P-mercapto- 
ethanol, and 50 U/ml rll-2 (Biogen). 
In Vitro Proliferative Recall 
Mice were immunized with 100 ug HEL in a 1:l emulsion with CFA, 
containing 1 mglml Mycobacterium tuberculosis strain H37Ra (Difco 
Laboratories, Detroit, Michigan) in the hind footpads. After 9 days, 
the draining lymph nodes were removed and cell suspensions were 
prepared. The lymph node cells were cultured in 96well plates at 
5 x 105 cells/well in Bruffs medium supplemented with 5% FCS, 2 mM 
glutamine, 100 U/ml penicillin, 100 uglml streptomycin, and different 
concentration of HEL. Proliferation was measured by addition of 1 uCi 
of [3H]thymidine (International Chemical and Nuclear, Irvine, Califor- 
nia) for the last 18 hr of a 5 day culture, and incorporation of radioactiv- 
ity was assayed by liquid scintillation counting. 
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